Mice ablated for the gene encoding the transcription factor Nfil3 lack peripheral natural killer (NK) cells but retain tissueresident NK cells, particularly in mucosal sites, including virgin uterus. We undertook a time course histological study of implantation sites from syngeneically (Nfil3
INTRODUCTION
In species with hemochorial placentation, development of decidua basalis (DB) is accompanied by a leukocyte influx into the implantation site. Between Gestation Day (GD) 5 and midpregnancy (GD 12.5), this influx is dominated by innate lymphoid cells currently called uterine natural killer (UNK) cells. Mice have at least two distinct UNK cell subsets. One subset is identified as NK1.1 þ DX5 þ by flow cytometry (fluorescence-activated cell sorting) [1] or as periodic acidSchiff (PAS)-positive, Dolichos biflorus agglutinin (DBA)-negative (PAS þ DBA À ) by lectin histochemistry. These cells resemble peripheral NK cells and are the source of interferon gamma (IFNG), which is implicated in UNK cell-initiated maternal spiral arterial remodeling [2, 3] . NK1.1 þ DX5 þ / PAS þ DBA À UNK cells represent 50% of all UNK cells at GD 6.5 but only 10% by GD 10.5 [2, 4] . Another UNK cell population is defined as NK1.1
À

DX5
À by fluorescenceactivated cell sorting and as PAS þ
DBA
þ by lectin histochemistry [1, 5] . Transcript analyses of these cells that rapidly become the dominant UNK cells in DB suggest this population is strongly biased toward angiokine production (VEGF [6] , PGF [7] , and others). Adoptive transfer of normal bone marrow into mice lacking lymphocytes differentiates only PAS þ DBA þ UNK cells. Uterine NK cells of early decidua are small, agranular cells [4] that proliferate rapidly in DB and, after GD 8.5, in the newly developed, transient uterine wall structure called the mesometrial lymphoid aggregate of pregnancy (MLAp). Uterine NK cells enlarge in diameter and their cytoplasm becomes filled with granules to GD 12.5, and then nuclei fragment and UNK cell numbers decline gradually to term [4, 8] .
Contributions of UNK cells to pregnancy have been deduced from studies of implantation sites in a number of different immune-deficient mice [9] [10] [11] [12] . Key understanding was provided by comparisons between alymphoid Rag2 , and normal mice (NK þ T þ B þ ). Deficient early decidual angiogenesis, delayed early embryonic development, and failure of spiral arterial modification at midgestation were observed in Rag2
Il2rg
À/À implantation sites and normalized when females were preconditioned with NK þ T À B À grafts before mating [9] . This approach, however, lacks assessment of the isolated impact of an NK cell deficiency when contributions of T and B cells are sustained. The first NK-cell-deficient but Tand B-cell-competent (NK À T þ B þ ) mice were reported from two laboratories in 2009 resulting from ablation of the gene encoding the transcription factor nuclear factor IL3 (NFIL3 [13] ; also known as E4BP4 [14] ). NFIL3 is a ubiquitously expressed basic leucine zipper transcription factor that plays roles in circadian rhythm, ovulation, and the development of specific immune cells [13, [15] [16] [17] [18] [19] [20] [21] . Nfil3 À/À mice have normal numbers of T, B, and NKT cells in blood, spleen, liver, lung, and bone marrow (BM) [14, 17] but lack NK cells in thymus, BM, spleen, liver, and lung. These deficits are attributed to compromised NK cell progenitors rather than to microenvironmental effects [13, 22] . Nfil3 À/À mice also display altered cytokine production in CD4 þ T cells, deficient immunoglobulin E (IgE) production in B cells, and greatly reduced numbers of CD8a þ conventional dendritic cells in spleen and thymus [23] [24] [25] [26] . Subsequent studies, however, have identified NFIL3-independent, tissue-resident NK cells in salivary gland, liver, and virgin uterus [23, 27, 28] . An initial study of GD 14.5 pregnancies in Nfil3 À/À females mated by BALB/c males reported significant fetal resorption that was linked to elevated T H 17-cell-promoted inflammation [29] . However, there are no reported investigations on syngeneic Nfil3 À/À 3 Nfil3 À/À matings or detailed time course histopathological studies of Nfil3 À/À 3 BALB/c matings. Further, the potential of the NK cells reported in virgin Nfil3 À/À uterus for differentiation and maturation during early decidual development is unknown. The current studies were undertaken to address these questions and identified transplantable UNK progenitor cells in the marrow and virgin uteri of Nfil3 À/À mice.
MATERIALS AND METHODS
Mice
All animal work was conducted under protocols approved by the Animal Care Committee, Queen's University, and in compliance with the Guidelines of the Canadian Council on Animal Care. Breeding pairs deleted for expression of NFIL3 (Nfil3
and crossed to the C57BL/6 (B6) background were generously provided by Dr. T. Mak, University of Toronto (Toronto, ON, Canada) [13] . Because Nfil3 À/À male 3 Nfil3 À/À female matings had low fecundity, our colony was maintained by Nfil3 À/À male 3 Nfil3 þ/À female matings. Resulting litters were genotyped by PCR. For experimental studies, Nfil3 À/À females were mated syngeneically to Nfil3 À/À males or allogeneically to immune-competent BALB/c-Tg (BALB/C)30Scha/J males (BALB/c; The Jackson Laboratory). Ubiquitous expression of green fluorescent protein (GFP) in these males was incidental for the reported experiments. B6 mice (Charles River Canada, St. Constant, QU, Canada) were syngeneically mated for wildtype (WT) controls. Nfil3 À/À and B6 mice were also used as donors for BM or virgin uterine cell suspensions that were adoptively transferred into B6-Rag2
; Taconic Biosciences). For all studies, the morning of copulation plug detection was used as GD 0.5 of pregnancy. Pregnant Nfil3 À/À and B6 females were euthanized by CO 2 inhalation followed by cervical dislocation at GDs 6.5, 8.5, 10.5, 12.5, and 15.5. Engrafted Rag2
Il2rg
À/À recipients were mated to Rag2
males, anesthetized using pentobarbital sodium (45 mg/kg i.p.) and euthanized by perfusion with 20 ml of 4% paraformaldehyde (PFA) at GD 8.5, 10.5, or 12.5. Multiple implantation sites (at least three) from three different litters were analyzed for each time point in each mating combination. For adoptive transfer of BM, cells were flushed from both femurs of each donor using sterile saline, centrifuged (400 3 g; 5 min), resuspended, and counted using 0.4% trypan blue dye exclusion to assess viability. Cell numbers equivalent to recovery from a single donor were given i.p. to each recipient (Rag2
]) in a 0.4-ml inoculum (minimum 1.4 3 10 7 cells). For adoptive transfer of uterine cell suspensions, virgin (not estrous cycle-synchronized) Nfil3 À/À or B6 females were anesthetized and perfused with 20 ml of sterile saline containing 1 mg/ml heparin. Uteri were isolated and washed thoroughly in 48C saline before the mesometrium was dissected, minced, washed, and then digested (60 min; 378C) in 10 ml of saline containing 2 mg/ml collagenase from Clostridium histolyticum type IA (C9891; SigmaAldrich). The resulting cell suspension was centrifuged (180 3 g; 5 min; 48C) and resuspended in saline twice, strained (70-lm mesh), resuspended in 0.4 ml of sterile saline, and inoculated i.p. using one donor per recipient (minimum 1.6 3 10 7 cells) [30] . Three weeks were allotted for graft expansion, and then recipient females were mated to Rag2
À/À males and euthanized on a specific GD. Perfusion-fixed, paraffin-embedded implantation sites from nonengrafted Rag2
À/À archived in our laboratory provided the nonengrafted control samples.
Flow Cytometry
After euthanasia, spleens of three Nfil3 À/À BM recipients were homogenized in cold PBS. The resulting suspension was filtered (70-lm mesh) and mononuclear cells were recovered by density gradient centrifugation using Lympholyte Cell Separation Media (CL5030; Cedarlane). After washing, erythrocyte lysis (Red Blood Cell Lysing Buffer Hybri-Max; R7757; SigmaAldrich), and further washes, the pellets were resuspended in 1% bovine serum albumin in PBS (BSA-PBS; 30 min; room temperature). A total of 100 ll of suspension was then incubated (15 min) with anti-NK1.1-PE (PK136; eBioscience) to detect NK cells, anti-CD3e-PEcy5 (145-2c11; eBioscience) to detect T cells, and CD19-FITC (eBio1D3; eBioscience) to detect B cells, or all three antibodies simultaneously. Samples were washed twice (1200 rpm; 5 min 32) with 1% BSA-PBS, resuspended, and analyzed using a Beckman Coulter EPICS Altra Flow Cytometer equipped with EXPO32 software (Beckman Coulter). A total of 10 000 cells were counted per sample; gating was set using a blank negative control and isotype controls mouse IgG2a +-PE (eBM2a; eBioscience), Armenian hamster IgG-PEcy5 (eBio299Arm; eBioscience), and rat IgG2a +-FITC (R35-95; BD Pharmingen).
Histopathology, Morphometry, and Immunohistochemistry
Implantation sites were dissected and placed in 4% PFA for 6 h (GDs 6.5 and 8.5) or 16 h (GD 10.5þ) then moved into 70% ethanol until being processed into paraffin using a vacuum-assisted automated processor and standard methodology. Three healthy (typical in color and size), randomly chosen implantation sites were serially sectioned (6 lm) per pregnant uterus. Every implantation site was stained using hematoxylin and eosin (H&E), as well as PAS reagent for glycoproteins and DBA lectin (L6533; Sigma-Aldrich) for terminal N-acetyl galactosamine [31] , using standard protocols. In some experiments, dual PAS and DBA lectin staining was undertaken [5] .
Morphometric analyses of the above specimens were undertaken by a single observer (M.L.R.) using serial sections separated 42 lm to avoid duplicate counting of individual UNK cells. Uterine NK cell numbers were enumerated at 2003 in photomicrographs from the midsagittal region of each implantation site and adjusted to omit areas of vascular space. PAS þ DBA À UNK cells were scored at GDs 6.5 and GD 8.5, PAS þ DBA þ UNK cells were scored at GDs 8.5, 10.5, 12.5, and 15.5. Uterine NK cell diameters were measured at 4003 on 10 randomly selected cells per specimen using 9 specimens per time point per mating strategy. The same cells were used to characterize UNK cell subtype classification by size, shape, and granularity [31] . At GDs 10.5, 12.5, and 15.5, total vascular areas of labyrinths were estimated using three nonoverlapping images at 4003 per labyrinth for each of nine specimens per time point. GIMP Software Version 2.6.11 pixel analysis was used to determine vascular area. Erythrocytes were included within the vascular space pixel selection in nonperfused animals. Maternal and fetal labyrinth vascular area and interhemal membrane width measurements were conducted for three nonoverlapping 4003 images for each of nine specimens per data point. The same images were used for total vascular area measurement. In nonperfused specimens, maternal and fetal labyrinthine areas were distinguished by enucleated and nucleated erythrocytes, respectively. To assess spiral arterial remodeling, all spiral arteries visible in 1003 photomicrographs were measured in three sections separated by at least 42 lm. Wall diameter:lumen diameter ratios were calculated. The same slides were used for cross-sectional area measurements for DB, spongiotrophoblast, and placental labyrinth taken at 253 for each of three midsagittal sections for nine or more specimens per data point. Placental labyrinthine interhemal membrane measurements were made at 4003 in three randomly selected, nonoverlapping areas of three sections separated by at least 42 lm for nine specimens per data point. All analyses used ImageJ 1.49 software (National Institutes of Health).
For immunohistochemistry, a diaminobenzidine (DAB) staining protocol was used. To detect cell division, Ki-67, primary rabbit polyclonal anti-Ki67 (ab15580; Abcam), secondary polyclonal goat anti-rabbit immunoglobulins/ biotinylated (E0432; Dako), and ExtrAvidin Peroxidase (E2886; SigmaAldrich) were used. Specimens (n ¼ 1 implantation site per pregnancy, three pregnancies per time point, per mating strategy) were then weakly counterstained with hematoxylin. For nuclear fragmentation, TUNEL staining was conducted using the protocol accompanying the TACS 2 TdT-DAB In Situ Apoptosis Detection kit (4810-30-K; Trevigen).
PCR Analysis
Ectoplacental cones were dissected from GD 8.5 B6 mouse embryos under dissection microscopic magnification, flash frozen in liquid nitrogen, and stored at À808C until use. Thymus was collected from the same mice as a positive control tissue and was handled identically. Total RNA was extracted using Total RNA Purification kit (Norgen Biotek Corp.) and the manufacturer's instructions. Messenger RNA was reverse transcribed using the First-Strand cDNA Synthesis Kit according to the manufacturer's protocol (GE Healthcare). Primers for Nfil3 (forward: 5 0 -TCC GAT GTG TCA GAG GTG TC-3 0 ; and reverse: 5 0 -GGA GAA AGA GCT TCC CAT GTA-3 0 ) were designed and purchased from Qiagen. Gene expression levels were measured using Quantitect SYBR Green I PCR mix (Qiagen) on plate-based LightCycler 480 reactions (Roche Diagnostics). Five replicates were performed for each sample. Relative quantification was performed using Actb (Integrated DNA Technologies) as the control and LightCycler 480 RelQuant software.
REDHEAD ET AL.
Statistical Analysis
One-way ANOVA and Tukey multiple-comparisons tests were used to compare mating strategies at different GDs in each data set except for the following: two-way ANOVA was used to compare UNK cell subsets, and Student unpaired t-test was used to compare Rag2
) and Rag2
Quantitative PCR data were square root transformed then analyzed to quantify relative Nfil3 expression. Relative expression between tissues was compared using an unpaired t-test (GraphPad Prism). A melt curve analysis was conducted after the cycling program as an additional quality control. Statistical significance is indicated as *P , 0.05, **P , 0.01, ***P , 0.005, and ****P , 0.001.
RESULTS
Fecundity of Nfil3
À/À Females and of Rag2
Adoptive Cell Transfer Recipients
At least three syngeneic Nfil3 À/À 3 Nfil3 À/À and three allogeneic BALB/c male 3 Nfil3 À/À female pregnancies were compared to B6 3 B6 pregnancies (WT) at each of GDs 6. Rag2
pregnancies were also studied at GDs 8.5, 10.5, and 12.5. Numbers of implantation sites in Rag2
Il2rg
À/À BM (B6) pregnancies; from those reported for Rag2
, BALB/c 3 Nfil3
, or B6 3 B6 matings (Supplemental Fig. S1A ). Implantation site viability also did not differ between any of the mating crosses studied (Supplemental Fig. S1B ). À/À than in B6 3 B6 implantation sites across all GDs (Fig. 1, B and F). At GDs 10.5, 12.5, and 15.5, an MLAp had differentiated and was distinguishable from the DB in all mating combinations (Fig. 1, C 
Implantation Sites in
-E). PAS
þ DBA þ UNK cells were present but in significantly lower numbers in both the MLAp (Fig. 1G ) and DB ( Fig. 1H ) across all GDs in Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À implantation sites.
Nfil3
À/À UNK Cells Show Typical Differentiation Morphology and Reach Maturity
At GD 6.5, UNK cells in Nfil3 À/À 3 Nfil3 À/À implantation sites were similar in diameter to B6 3 B6 UNK cells, but those in BALB/c 3 Nfil3
À/À were significantly smaller. Statistical differences were not present in UNK cell diameters at GD 8.5, but at midgestation (GDs 10.5 and 12.5) diameters were significantly smaller in Nfil3 À/À 3 Nfil3 À/À (P , 0.001 and P , 0.01) and BALB/c 3 Nfil3 À/À (GDs 10.5 and 12.5; P , 0.001) than B6 3 B6 implantation sites. By GD 15.5, UNK cell diameters were similar for Nfil3 À/À 3 Nfil3
, and B6 3 B6 matings ( Fig. 2A) . These data suggest that a delay occurs in the maturation of Nfil3 À/À UNK cells whether conceptuses are syngeneic or allogeneic, but Nfil3 À/À UNK cells reach full morphological maturity.
The UNK cells in Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3
À/À implantation sites differentiated into all four subtypes of DBA þ UNK cells classically defined by cytoplasmic granule content and nuclear features [31] . The ratio of the subtypes did not differ between Nfil3 À/À 3 Nfil3
, and B6 3 B6 implantation sites at GDs 6.5 and 8.5 (Fig. 2 , B and C). Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3
implantation sites had significantly more (P , 0.01) immature subtypes at GDs 10.5 ( Fig. 2D À/À implantation sites differed from normal controls. In normal mice (schematic in Fig. 3A) , the uterine lumen is expected to be residual at GD 6.5 (Fig. 3Biii) . In Nfil3 À/À females, however, lumen closure was delayed. Delay was more severe in Nfil3 (Fig. 3Bii ) implantation sites. At GD 8.5, differences were observed antimesometrially, the side of initial implantation and primary decidualization. In Nfil3 À/À 3 Nfil3 À/À (Fig. 3Ci ) and BALB/c 3 Nfil3 À/À (Fig.  3Cii) , antimesometrial stromal cells were more compact and less swollen (i.e., less decidualized) than in B6 3 B6 (Fig.  3Ciii) . Although the decidualized area represented 74.91% 6 10.49% of the total midsagittal antimesometrial surface area in B6 3 B6, it was significantly smaller in GD 8.5 Nfil3 À/À implantation sites (P , 0.005; Fig. 3Civ ), representing 18.65% in Nfil3 À/À 3 Nfil3 À/À and 30.73% in BALB/c 3 Nfil3
. To determine whether rates of cell death or proliferation differed in Nfil3 À/À versus B6 deciduas, preliminary analyses were undertaken at GD 8.5 using TUNEL and Ki-67 stainings. No cell death was evident by TUNEL in the antimesometrial deciduas of Nfil3 À/À 3 Nfil3
, or B6 3 B6 matings (data not shown), and no differences were detected in Ki-67 reactivity (data not shown). Although these data do not exclude the possibility that differences in rates of cell cycle progression are present between Nfil3 À/À and control decidual cells, pulse-chase analyses would be required to reveal that type of difference.
Gestational Day 8.5 Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À embryos were 0.5-1 day delayed developmentally (Fig. 3D) . The illustrated Nfil3 À/À 3 Nfil3 À/À embryo is at Theiler stage 12, equivalent to GD 8 (Fig. 3Di) ; the BALB/c 3 Nfil3 À/À embryo is at Theiler stage 11, equivalent to GD 7.5 (Fig. 3Dii) ; and the B6 3 B6 embryo is at Theiler stage 13, typical for normal GD 8.5 development (Fig. 3Diii) [33] . Figure 3Div summarizes the development observed by mating combination. À/À UNK cells but not of Nfil3 À/À 3 Nfil3 À/À is significantly shorter than B6 3 B6 UNK cell diameter at GD 6.5 (P , 0.05). There were no significant differences in UNK cell diameters between the matings at GD 8.5 or GD 15.5. However, UNK cells in Nfil3 À/À 3 Nfil3 À/À were significantly shorter at GD 10.5 and GD 12.5 (P , 0.001) than UNK cells in B6 3 B6. Nfil3 À/À 3 Nfil3 À/À diameters of UNK cells were significantly shorter than BALB/c 3 Nfil3
À/À at GD 12.5 (P , 0.01). BALB/c 3 Nfil3 À/À UNK cell diameters were significantly shorter than B6 3 B6
HISTOPATHOLOGY OF
Nfil3 À/À 3 Nfil3 À/À IMPLANTATION SITES Mid to Late Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À
Implantation Sites Display Placental Anomalies
From GD 10.5 to term, the normal histological appearance of the transient tissues on the mesometrial side of mouse implantation sites is four-layered. From the myometrium, the layers are the maternally derived DB (including MLAp) and the conceptus-derived layers of trophoblast giant cells, spongiotrophoblast, and labyrinth. The appearance and crosssectional surface area of each layer were assessed in midsagittal sections with the trophoblast giant cell and spongiotrophoblast areas combined. At GD 10.5, layer organization itself was disturbed and indistinct in Nfil3 À/À females compared with B6 females. This was more severe in Nfil3 À/À 3 Nfil3 À/À than in BALB/c 3 Nfil3
À/À implantation sites (data not shown), with decidua and trophoblast intermixed in Nfil3 À/À 3 Nfil3 À/À at GD 10.5 ( Fig. 4A) and GD 12.5 (Fig. 4B) . By GD 15.5, Nfil3
À/À (Fig. 4C) and BALB/c 3 Nfil3 À/À (data not shown) implantation sites approached normalcy. These observations suggested that trophoblast cells may express NFIL3. Gene expression was confirmed in RNA prepared from GD 8.5 dissected ectoplacental cone (Fig. 4D) .
Total mesometrial areas of the implantation sites did not differ significantly between Nfil3 À/À 3 Nfil3
, and B6 pregnancies (Supplemental Fig. S2A ) except at GD 12.5, when BALB/c 3 Nfil3
À/À appeared to be significantly smaller mesometrially than B6 3 B6 (P , 0.001). This difference was not present at GD 15.5 and may reflect small sample size. When mesometrial tissues were measured separately, DB surface area was significantly greater in Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À than B6 3 B6 at GD 10.5 (P , 0.001; Supplemental Fig. S2B ), which may suggest impaired early trophoblast invasion or delayed trophoblast maturation in the experimental crosses. This difference was transient and absent by GD 15.5. Surface areas for spongiotrophoblast and the labyrinthine region varied significantly from controls in Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3
À/À placentas, particularly at GD 12.5 (P , 0.005; Supplemental Fig. S2C ). By GD 15.5 (Supplemental Fig.  S2D ), only the spongiotrophoblast surface area remained different for both experimental strains compared with control B6.
Vascular spaces within the placental labyrinth (Fig. 5A ) of Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À were similar to those in B6 3 B6 at GD 10.5 but significantly larger at GD 12.5 (P , 0.0001) and GD 15.5 (P , 0.0001), suggestive of limited branching. Figure 5B summarizes these measurements, and comparisons between Figure 5Ci and Cii to Ciii show representative GD 12.5 histopathology. Maternal (enucleated erythrocytes) and fetal (nucleated erythrocytes) vascular areas were then measured separately to determine if fetal genotype contributed to either a maternal or conceptus vascular phenotype. Maternal labyrinthine vascular areas (Fig. 5D) in Nfil3 À/À 3 Nfil3 À/À were significantly larger than in BALB/c 3 Nfil3
À/À or B6 3 B6 (P , 0.01) at GDs 10.5, 12.5, and 15.5. BALB/c 3 Nfil3
À/À maternal vascular areas were larger than B6 3 B6 only at GD 10.5, supporting the conclusion of conceptusmediated influences on maternal placental vascular development.
Fetal Fig. S2E ), with greater impairment in Nfil3 À/À 3 Nfil3 À/À (P , 0.001).
Implantation Sites of Rag2
To determine which deviations in Nfil3 À/À implantation sites could be attributed to deficits in UNK cell numbers or functions rather than to absence of NFIL3 in nonlymphoid maternal or conceptus cells, alymphoid Rag2 (Fig. 6C) ; this ratio was 1:69 for recipients of B6 BM. PAS þ DBA þ UNK cell numbers were significantly lower in Rag2
Il2rg
À/À BM (B6) implantation sites at GDs 8.5 (P , 0.01), 10.5 (P , 0.001), and 12.5 (P , 0.001; Fig. 6D ). The typical decline in total UNK cell numbers between GDs 10.5 and 12.5 (Fig. 1B) was seen in recipients of either marrow genotype. Rag2 
À/À BM (B6) at GD 12.5 (P , 0.01), but differentiation into all four subtypes was achieved from donors of each genotype (Supplemental Fig. S4 ).
Gestation Day 8.5 implantation sites from Rag2 and mature cells were more abundant in B6 3 B6 (P , 0.01). Photomicrographs of PAS/DBA dual-stained sections from Nfil3 À/À 3 Nfil3 À/À matings at GDs 8.5 (G) and 10.5 (H) depict subtype I (black circles), subtype II (yellow circles), subtype III (red circles), and subtype IV (blue circles) UNK cells [24] .
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FIG. 3. Early gestation implantation site delays. A) A drawing providing orientation to a typical early gestation implantation site. In Nfil3
À/À 3 Nfil3 À/À implantation sites, the uterine lumen persisted (Bi) and was 80% larger than in B6 (Biii). In BALB/c 3 Nfil3 À/À implantation sites (Bii), the uterine lumen was of intermediate size and 10% larger than in B6 3 B6 implantation sites. The lumen has almost apposed in B6 3 B6 mice (Biii). Nfil3 À/À 3 Nfil3 À/À (Ci; 56.35% 6 10.49%) and BALB/c 3 Nfil3 À/À (Cii; 44.18% 6 8.127%) implantation sites had a significantly lower proportion of antimesometrial tissue that was decidualized (double-headed yellow arrow) compared with B6 3 B6 (Ciii; 74.91% 6 10.29%; P , 0.005). Civ) Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Fig. 7Ai ) and Rag2 Fig. 7Aiii ; 21.8% and 26.0%, respectively; P , 0.001; Fig. 7Aiv ). Neither TUNEL nor Ki-67 staining revealed any basis for these differences (data not shown). Gestational Day 8.5 embryos of Rag2
Il2rg
À/À matings were developmentally delayed by 0.5-1 day at GD 8.5 (Fig. 7B) . The illustrated former embryo is at Theiler stage 12 equivalent to GD 8 (Fig. 7Bi) , whereas the latter is at Theiler stage 11, equivalent to GD 7.5 ( Fig. 7Bii) , mirroring the developmental stage seen at GD 8.5 in BALB/c 3 Nfil3
(B6) embryos were found to be at each Theiler stage (11) (12) (13) . Figure 7Biii illustrates an embryo that is at Theiler stage 13, typical for normal development. These findings suggest deletion of Nfil3 in maternal hematopoietic cell lineages reduces but does not fully eliminate maternal immune promotion of the rate of conceptus development. A summary of all conceptuses scored for developmental stage is given in Figure 7Biv . Table depicting number of embryos at each Theiler stage per mating. Photomicrographs are stained with H&E. *, trophoblast; AntiMes, antimesometrial; black arrows, uterine lumen; black line, myometrium; black doubleheaded arrow, antimesometrial area; E, embryo; Mes, mesometrial; UL, uterine lumen; yellow double-headed arrow, decidualized tissue; yellow line, decidualized border; 1, notochord; 2, pharyngeal region of foregut diverticulum; 3, allantois; 4, myocardial tissue forming outer wall of primitive heart tube; 5, condensation of tissue in caudal region of notochord; 6, neural groove; 7, neuroepithelium; 8, optic eminence; 9, trigeminal neural crest [27] . 
Implantation sites of BM transplant recipients were also compared at GD 10.5 (Fig. 8A) and GD 12.5 (Fig. 8B) (Fig. 8C) , or normal B6 3 B6 controls (data not shown). At both GD 10.5 (Fig. 8D) and GD 12.5 (Fig. 8E) , DB surface area in Rag2
, and Rag2
The former two did not differ from each other. These findings implicate functionally normal UNK cells in the appropriate growth of fetally derived placental layers. Although the implantation site layer surface areas were dissimilar between mating combinations, overall placental organization in the BM recipients and Rag2
À/À mirrored that of control B6 placentas. Thus, the deviated decidual/trophoblast interface in Nfil3 À/À 3 Nfil3 À/À and BALB/c 3 Nfil3 À/À pregnancies (Fig. 4) does not result from the actions of maternal hematopoietic cells, but must result from disruption of NFIL3 signaling in conceptusderived cells. Spiral arterial wall:lumen ratios were ;2-fold greater in Rag2
, indicating a requirement for NFIL3 expression by UNK cells to effect initiation of this process (Supplemental Fig. S2F ).
Unlike the labyrinthine vascular spaces in Nfil3 À/À 3 Nfil3
and BALB/c 3 Nfil3 À/À placentas at GD 10.5 and GD 12.5, labyrinthine vascular spaces did not differ between Rag2
, and Rag2 (Fig. 8F) . Perfusion of these mice at euthanasia precluded maternal versus fetal vessel analysis.
Virgin Uterus Contains Transplantable UNK Progenitor Cells
Cell suspensions from well-perfused virgin Nfil3 À/À and B6 uteri were assayed for resident UNK progenitor cells by transplantation into Rag2
Il2rg
À/À females, who were subsequently bred. PAS þ DBA þ but not PAS þ DBA À UNK cells were detected at GD 8.5 or 10.5 whether the uterine cell suspension donor was Nfil3 À/À (Fig. 9A) or B6 (Fig. 9B ). Many fewer graft-derived UNK cells differentiated from uterine versus BM cell suspensions. Additionally, although BM grafts always provided UNK cells, progenitor cells were not detected in every uterine cell suspension. Two of three B6 uterine cell grafts generated UNK cells at GD 8.5. Four Nfil3 À/À cell suspensions were assayed; two at GD 8.5 and two at GD 10.5. One pregnancy per time point generated UNK cells. These data show for the first time not only that transplantable UNK progenitor cells reside within the extravascular compartment of the virgin adult uterus, but also that these apparently tissueresident UNK progenitor cells have no absolute requirement for Nfil3 gene use during uterine homing or during their maturation into fully differentiated decidua-associated UNK cells.
DISCUSSION
Investigations of a mouse pregnancy model lacking NK cells but sufficient in functional T and B lymphocytes have been missing from efforts to fully define the in vivo actions of decidual lymphocytes. Reports of the Nfil3
) mouse appeared to provide the desired model [13, 14] but instead have led to the identification of tissue-resident NK cells in many mucosal sites, including virgin uterus and other organs [34, 35] . Although Nfil3 À/À females mated to BALB/c males were reported to experience fetal loss associated with elevated decidual T H 17 cells at GD 14.5 [29] , no histopathological studies of the matings or of Nfil3 À/À 3 Nfil3 À/À matings were reported. Our study addressed the impacts of global and of hematopoietic cell Nfil3 deficiency on pregnancy. We found no evidence for alterations in fertility of Nfil3 À/À females, whether mated syngeneically or allogeneically, despite the postulated importance of NFIL3 in ovulation [20] . We also found no evidence for elevated fetal loss, at least to GD 15.5. We observed peripartum dystocias in Nfil3 À/À 3 Nfil3 À/À matings that required humane euthanasia at such a high frequency that we could not maintain our breeding colony with Nfil3 À/À females. Nfil3 þ/À females were used for colony maintenance, and dystocia has not been observed in these females during 5 y of breeding. The basis for the dystocia is unknown; studies are in progress to address possible peripartum endocrinological deviations.
The UNK cell populations detected in Nfil3 À/À females mated by Nfil3 À/À or normal males were less abundant and more immature than in normal mice. This also held true for the UNK cells that differentiated in alymphoid recipients of Nfil3 À/À BM. The endogenous or graft-derived UNK cells were, however, abundant, showed appropriate tissue localization, and expanded and regressed in number with patterns matching controls. Endogenous and graft-derived Nfil3 À/À UNK cells also showed all stages of morphological differentiation for both PAS þ DBA À and PAS þ DBA þ UNK cells, although maturity was achieved more slowly than in controls. The most compatible interpretations of these data are that fewer UNK cell progenitors are present in Nfil3 À/À females and that terminal differentiation of UNK cells does not require NFIL3. Others recently suggested the reduction in UNK cell numbers is due to the loss of one of several UNK ) decidua than BM (B6) decidua at GD 8.5 (P , 0.01), GD 10.5 (P , 0.001), and GD 12.5 (P , 0.001). Uterine NK cell numbers in bar graphs represent numbers within the field of view at 3200. All BM recipients were mated by Rag2
cell progenitor cell classes [34] . If that is correct, the missing lineage may produce growth factors that promote more rapid maturation of NFIL3-independent UNK cells. Despite their normal appearance, endogenous NFIL3-independent UNK 
Il2rg
À/À (À26.0%; P , 0.001). Gestational Day 8.5 embryos are shown from BM (Nfil3
, and BM (B6) (Biii) matings. Table (Biv) depicts number of embryos at each Theiler stage per mating. Labels: black line, myometrium; black double-headed arrow, antimesometrial area; yellow double-headed arrow, decidualized area; yellow line, decidualized border; 1, condensation of tissue in caudal region of notochord; 2, lateral extent of body wall, in continuity with the amnion; 3, notochord; 4, pharyngeal region of foregut diverticulum; 5, primitive streak region; 6, amnion; 7, mesoderm; 8, rostral extremity of neural tube closure; 9, entrance to foregut diverticulum. Bone marrow recipients (BMR) and Rag2
À/À females were mated by Rag2
À/À males. Paraffin-embedded section stained with H&E.
REDHEAD ET AL. 
À/À BM (B6) (BM (B6)) implantation sites at GD 10.5 (A) and GD 12.5 (B). Yellow lines demarcate the transition between the measured layers that were histologically distinctive. Total mesometrial tissue area (C) does not differ between groups at GD 10.5 or 12.5, although spongiotrophoblast surface area was greater and labyrinthine surface area was smaller for both graft recipient groups than for B6 3 B6 at GDs 10.5 (D) and 12.5 (E). 
HISTOPATHOLOGY OF Nfil3
À/À 3 Nfil3 À/À IMPLANTATION SITES cells seem to be functionally disturbed because they fail to initiate spiral arterial remodeling. This interpretation can be made despite the localization by other authors of NFIL3 to vascular smooth muscle cells and endothelium because graftderived NFIL3-independent UNK cells also failed to trigger this remodeling [36, 37] . In other models involving viral challenge, NFIL3-independent NK cells were functionally similar to normal NK cells in production of IFNG, the UNK cell product thought to be of central importance for the initiation of spiral arterial remodeling [38] . Support for the hypothesis that functions of the NFIL3-independent UNK cell population are deviated from those of NK cell populations seen in normal pregnancy comes from the outcome overlap with early Rag2 [7] . Overlaps include delayed postimplantation uterine lumen closure, early retardation in embryonic development, and deficits in antimesometrial decidualization at GD 8.5. Interestingly, hemizygous expression of Nfil3 by conceptuses promoted uterine lumen closure but delayed embryonic development. This may be related to unbalanced UNK and Treg cell ratios. Antibody-mediated depletion of CD25 þ Treg cells at GDs 4.5 and 7.5 of normal mouse pregnancy significantly increases resorption rates in allogeneic but not in syngeneic pregnancies [39] . Additionally, Fu et al. [29] reported increased numbers of T H 17 cells in BALB/c 3 Nfil3 À/À decidua at GD 14.5. Thus, an early allogeneic gestational environment containing dynamic and changing relationships under the ''umbrella'' of being UNK low Treg low T H 17 high may be as detrimental to conceptus growth and early developmental progression as an alymphoid decidual environment. Potential roles of allogeneic fetal transplantation antigens in the rate of uterine lumen closure were not addressed.
Uterine NK cells localize to the DB, and UNK cell-related findings are generally focused on this mesometrial region. A novel finding in Nfil3 À/À pregnancies was poor antimesometrial decidualization at GD 8.5. Disparity between Nfil3 À/À and B6 antimesometrial decidualization could not be explained by increased apoptosis in Nfil3 À/À decidua or increased proliferation of B6 decidual cells. To aid in interpretation of these findings we reassessed antimesometrial decidualization in Rag2
Il2rg
À/À implantation sites. Poor decidualization was confirmed, suggesting appropriate development of secondary antimesometrial decidua has a relationship with normal UNK function. These data may implicate a requirement for successful UNK cell-stromal interactions in DB as a prerequisite inductive environment for full maturation of secondary antimesometrial decidua. Support for this interpretation additionally comes from our studies of the antimesometrial vasculature in GD 8.5 implantation sites of NCR1
Gfp/Gfp , a mouse deleted for a receptor involved in major histocompatibility complex-independent NK cell activation [40] . The key vascular deficits observed were in the secondary antimesometrial decidua.
Implantation sites from Nfil3 À/À females mated by Nfil3
or BALB/c males strongly suggested a gradation in trophoblast anomalies between Nfil3 null and heterozygote conceptuses. Many anomalies become less severe by late gestation, with resolution occurring earlier for the heterozygote conceptuses. Analysis by PCR confirmed Nfil3 expression in normal ectoplacental cone. The larger labyrinthine vascular spaces in Nfil3 À/À 3 Nfil3 À/À reflected both maternal and fetal effects because they were larger than in BALB/c 3 Nfil3 À/À placentas. Although total vascularity of the labyrinthine regions did not vary between placentas from Nfil3 À/À versus B6 females, efficient maternal-fetal exchange does not occur in larger vessels but at capillary interfaces [41, 42] . Fetal genotype influenced labyrinthine vascular branching. Nfil3 À/À 3 Nfil3 À/À labyrinths had larger maternal vascular spaces than BALB/c 3 Nfil3 À/À labyrinths between GDs 10.5 and 15.5, suggesting a conceptus influence on maternal placental vascular development. Fetal labyrinthine vascular areas were significantly larger in Nfil3 À/À 3 Nfil3 À/À than B6 3 B6 between GDs 10.5 and 15.5, implicating NFIL3 in normal fetal placental vascular development. Additionally, the interhemal membrane separating maternal and fetal labyrinthine vessels was significantly thicker in Nfil3 À/À , independent of fetal genotype, before GD 15.5, potentially adding compromise to nutrient and waste exchanges between mother and fetus. Microcomputed tomography of the maternal and fetal placental vessels as well as placental perfusion analyses and postnatal growth studies, would provide further understanding of the physiological importance of these observations [43, 44] . In summary, studies of pregnancy in Nfil3 À/À females identified a transplantable UNK cell sublineage that does not use this transcription factor for differentiation. Although Nfil3 À/À UNK cells localize normally in DB and reach full maturity, they do not display the full functionality of a normal UNK cell population. Nfil3 À/À UNK cells fail to trigger events that lead to full secondary antimesometrial decidualization and to spiral arterial remodeling. Nfil3 is expressed by early normal trophoblasts, and loss of the gene product in this tissue likely accounts for other anomalies in Nfil3 À/À implantation sites and placenta. These latter findings highlight the critical importance of not regarding the entire Nfil3 À/À implantation site phenotype as arising from perturbations to NK cell populations.
